Objective-Arterial calcification and stiffening increase the risk of reconstruction failure, amputation, and mortality in patients with peripheral arterial disease, but underlying mechanisms and prevalence are unclear. Approach and Results-Fresh human femoropopliteal arteries were obtained from n=431 tissue donors aged 13 to 82 years (mean age, 53±16 years) recording the in situ longitudinal prestretch. Arterial diameter, wall thickness, and opening angles were measured optically, and stiffness was assessed using planar biaxial extension and constitutive modeling. Histological features were determined using transverse and longitudinal Verhoeff-Van Gieson and Alizarin stains. Medial calcification was quantified using a 7-stage grading scale and was correlated with structural and mechanical properties and clinical characteristics. Almost half (46%) of the femoropopliteal arteries had identifiable medial calcification. Older arteries were more calcified, but small calcium deposits were observed in arteries as young as 18 years old. After controlling for age, positive correlations were observed between calcification, diabetes mellitus, dyslipidemia, and body mass index. Tobacco use demonstrated a negative correlation. Calcified arteries were larger in diameter but had smaller circumferential opening angles. They were also stiffer longitudinally and circumferentially and had thinner tunica media and external elastic lamina with more discontinuous elastic fibers. Conclusions-Although aging is the dominant risk factor for femoropopliteal artery calcification and stiffening, these processes seem to be linked and can begin at a young age. Calcification is associated with the presence of certain risk factors and with elastic fiber degradation, suggesting overlapping molecular pathways that require further investigation. Visual Overview-An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2018;38: e48-e57.
P
eripheral arterial disease often manifests as atherosclerotic occlusive disease of the femoropopliteal artery (FPA) obstructing blood flow to the lower limb. It is associated with high morbidity, mortality, and impairment in the quality of life. Arterial calcification in the lower extremity, particularly in the setting of diabetes mellitus, doubles cardiovascular mortality and quadruples the risk of amputation. 1, 2 However, the cause of arterial calcification and its prevalence are not well understood.
Historically, calcification was viewed as a passive degenerative dystrophic process associated with aging and end-stage atherosclerosis; however, recent studies have demonstrated that it is a complex regulated biological activity 2 that is associated with crystallization of hydroxyapatite in the extracellular matrix, 3, 4 resulting in arterial stiffening and occurring either in conjunction or independently of occlusive lesions. [5] [6] [7] Because heavily calcified arteries cannot be compressed by the blood pressure cuff, it was first suggested to use ankle brachial index as a surrogate for calcification burden 8 ; however, this technique, although simple, only allows detection of advanced calcifications and is not suitable for younger healthier arteries in their initial stages of calcification. The same limitation applies to fluoroscopy 9 or computed tomographic 10 assessments of FPA calcium. A more accurate measure of arterial calcification requires histological assessment, but those are usually limited to old and diseased arteries stemming from amputation specimens that make determination of cause and contributing factors challenging. One exception is a recent study performed by Vasuri et al 11 who used 143 femoral arteries from 14 to 59-year-old donors, but they have detected calcifications in only 25% of their specimens, which made correlations with risk factors challenging. In addition, they have not performed mechanical characterization of their specimens, leaving the association between stiffness and arterial calcification burden unexplored.
Our team has collected a large database of interlinked mechanical and structural characteristics from 431 human subjects in a wide range of ages. 12 This database was used to assess prevalence of FPA calcification using cross-sectional and longitudinal histology, develop a comprehensive 7-stage calcification scale, and study associations between calcification burden, demographics, risk factors, and arterial stiffness.
Materials and Methods
Fresh human FPAs were obtained by the Nebraska Organ Recovery System from n=431 tissue donors aged 13-82 years (mean age, 53±16 years) within 24 hours of subject's death and after obtaining consent from the next of kin. Most arterial segments spanned from the take-off of the profunda femoris artery to the tibioperoneal trunk, but for consistency, analysis presented here was done on the superficial femoral segments of the FPA taken ≈1-2 cm distal to the profunda femoris artery. Distribution of subjects by age was ≤20 years old (6%), 21-30 years old (6%), 31-40 years old (9%), 41-50 years old (13%), 51-60 years old (28%), 61-70 years old (28%), and subjects >71 years (10%). Almost all donors were white (95%), and most were men (79%). Hypertension was reported in 51%, DM of unspecified type in 25%, dyslipidemia in 29%, and coronary artery disease in 13%. More than half (53%) were obese (body mass index [BMI] >30 kg/m 2 ), 60% used tobacco (12% former light, 7% former heavy, 10% current light, and 31% current heavy users), 13% used illegal drugs, and 23% abused alcohol. Most demographic and risk factor data were reported by the next of kin. Before excision from the body, longitudinal prestretch was measured using umbilical tape as the ratio of in situ to excised arterial lengths. 13 Arterial diameter and wall thickness were measured by taking photographs of 5-mm-long unpressurized unfixed arterial rings. Rings were then radially cut to relieve circumferential residual stress, and specimens were photographed to measure circumferential opening angle using lines drawn from the center of the sector to its outer tips.
14 The longitudinal opening angle was measured by opening 13-mm-long arterial segment, cutting a 2-mm-wide axial strip, and measuring the sector that resulted from curving of the axial strip intima outward. 14 After measuring arterial dimensions and opening angles, arteries were tested for mechanical properties using CellScale Biotester under planar biaxial extension. Details of these experiments are provided elsewhere, 12 but briefly 13×13 mm (when permitted by diameter) arterial segments were attached using the rake attachment system of CellScale and pulled in longitudinal and circumferential directions while simultaneously recording the force with 250 g (max load 2.5 N) Honeywell Sensotec load cells and deformation gradient with a camera. Samples were tested in stretch-controlled mode at 0.01 s −1 strain rate, 12 and 19 different stretch ratios ranging from 1:1 to 1:0.1 on each axis were used to obtain sufficient data density for constitutive modeling.
Experimental data obtained from mechanical testing were used to determine unique sets of constitutive parameters for the 4-fiber FPA constitutive model using nonparametric bootstrapping. 12 This model was used to characterize arterial stiffness in longitudinal and circumferential directions by determining the amount of longitudinal and circumferential stretch that FPA was able to achieve at 100 kPa equibiaxial Cauchy stress. Details of these procedures are provided in our previous works. [12] [13] [14] Adjacent transverse and longitudinal arterial sections 13 were histologically analyzed to determine medial calcification and structural properties such as continuity, density, and thickness of elastic fibers, thickness of tunica media, and overall disease burden. Because significantly calcified tissues cannot be adequately sectioned, before staining, specimens that contained calcium were decalcified using RegularCal acid decalcifier (BBC Biochemical; reference 6056) by immersing tissue blocks into the decalcification solution for 2 to 4 minutes, rinsing them in a water bath, and re-icing for cutting. RegularCal decalcifier is compatible with all fixatives and most stains.
After deparaffinization and hydration, majority of sections were stained with Verhoeff-Van Gieson stain (Elastic Stain Kit Verhoeff; BBC Biochemical; reference SSK5003-500). Sections were stained in Verhoeff Elastic stain for 15 minutes, differentiated in 2% Ferric Chloride (10% Ferric Chloride; BBC Biochemical; reference SKC1090-500, diluted in distilled water), rinsed with distilled water, and placed in 5% Sodium thiosulfate (BBC Biochemical; reference SKC1033-500) for 1 minute. After rinsing in tap water, the sections were counterstained with Van Gieson stain (BBC Biochemical; reference SKC1081-500), dehydrated, and coverslipped.
A subsample of 35 arteries with different levels of calcification was stained with Alizarin Red S to assess the ability of determining calcification burden from Verhoeff-Van Gieson-stained sections ( Figure 1 Note that location, amount, and overall calcification burden can be determined using either stain, even though VVG does not specifically stain for calcium, and determination relies on tissue artifacts related to calcification. VVG-stained section also provides information on elastic fiber characteristics (stained black).
incubated with Alizarin Red S (Sigma Aldrich; reference A5533-25G) for 3 minutes at room temperature, dehydrated, and cleared with a series of acetone and acetone-xylene solutions. Sections were then mounted and coverslipped with Permount (Fisher Scientific; reference SP15-500). Calcification burden was assessed using a newly developed 7-stage scale ( Figure 2 ) ranging from no identifiable calcification (0) to severely calcified artery (VI). To avoid inaccurate assessments because of heterogeneity of calcification and tissue sectioning or staining artifacts, at least 2 transverse and 3 longitudinal sections were used for each arterial segment, and often 2 segments were taken from each artery. Grading was performed by 3 independent operators, and the results were averaged.
Calcification burden was then correlated with structural and clinical characteristics and arterial stiffness using Pearson correlation (r). The hypothesis of no correlation was tested against the alternative that there is a nonzero correlation assuming statistical significance at P<0.05. Partial correlation was used to assess associations between calcification and structural and clinical characteristics while controlling for age. This was achieved by regressing each variable with age and analyzing correlations of the resulting residuals. When appropriate, multiple group comparisons were performed after assessing homogeneity of variance with nonparametric Levene test 15 that involved pooling the data from all groups, ranking the scores, placing the rank values back into their original groups, and running the Levene test on the ranks. When equal variance among the groups was not rejected at 0.05 level, Hochberg GT2 post hoc test was performed to compare the groups. When equal variances were rejected, Games-Howell post hoc test was performed instead.
Results

Prevalence and Calcification Scale
Although Verhoeff-Van Gieson stain does not specifically stain for calcification, as opposed to Alizarin Red S, it allows studying tissue artifacts related to calcification. Because calcified arteries had to be decalcified for adequate sectioning, either stain could be used to assess gross calcification burden using these artifacts. Comparison of Alizarin Red S and Verhoeff-Van Gieson stains in a subsample of 35 arteries demonstrated that the 2 stains were equivalent for determining location, amount, and overall calcification burden ( Figure 1) ; therefore, further quantification and analysis were performed using Verhoeff-Van Gieson-stained sections because they provided additional information on elastic fiber characteristics.
A 7-stage classification system was developed to assess calcium burden ( Figure 2 ). Arteries at stage 0 had no identifiable calcification. Stage I was associated with a single small calcified area less than a couple hundred micrometers in diameter. Stage II could include ≥2 of these areas but not covering the entire sample. Arteries at stage III had calcification affecting most of the sample, but severity of calcification was not sufficient to affect tissue integrity. Stage IV was associated with local loss of tissue integrity because of advanced calcification, but this process did not affect the entire sample. Arteries at stage V included more severe calcification that affected most of the sample and jeopardized its integrity. Finally, stage VI included entirely calcified FPAs with completely jeopardized tissue integrity.
In many samples, medial calcification was independent of intimal disease because many samples had severe atherosclerosis without calcification or significant calcification without atherosclerosis. There was no colocalization of calcification and elastic fibers, and calcified areas were frequently observed away from both internal and external elastic laminae. Scaling performed by different operators was consistent (r>0.9), and average calcification score that incorporated all transverse and longitudinal sections was used for analysis.
Almost half (46%) of the FPAs had identifiable medial calcification. Age positively correlated with calcification burden (r=0.41; P<0.01), but small calcium deposits were observed in arteries as young as 18 years old. Prevalence of calcification by age group was as follows: ≤20 years old (7%), 21 to 30 years old (17%), 31 to 40 years old (16%), 41 to 50 years old (48%), 51 to 60 years old (46%), 61 to 70 years old (64%), and in subjects >71 years (61%). Sex had no effect on the calcification burden (P=0.58).
Associations With Demographics and Risk Factors
Positive correlations were observed between calcification burden and body mass index (r=0.15), hypertension (r=0.24), , and (D) dyslipidemia. All associations were statistically significant before and after controlling for age. Note that age and BMI are continuous variables separated into groups for better visualization. Here boxes bound 25th and 75th percentiles, whiskers extend to 5th and 95th percentiles, 99th percentile is marked with a cross (×), and maximum values are represented by a minus sign (−). Additionally, mean values are marked with a hollow square, and median is represented by a horizontal line within each box.
diabetes mellitus (DM; r=0.32), dyslipidemia (r=0.23), and coronary artery disease (r=0.16) (P<0.01 for all), whereas drug abuse correlated negatively (r=−0.15; P<0.01). Tobacco use assessed on a scale of never, former light, former heavy, current light, and current heavy did not correlate with calcification burden (r=−0.07; P=0.18). After controlling for age, correlations with body mass index (r=0.10; P=0.04), DM (r=0.32; P<0.01), and dyslipidemia (r=0.12; P=0.01) remained statistically significant, but correlations with hypertension (P=0.06), coronary artery disease (P=0.10), and drug abuse (P=0.11) lost statistical significance. Interestingly, correlation with tobacco use gained statistical significance after controlling for age, and correlation was negative (r=−0.18; P<0.01). Furthermore, correlation remained statistically significant (and negative) when the scale was reduced to never, former, and current (r=−0.179; P<0.01). Statistically significant associations of calcification burden with demographics and risk factors are presented in Figure 3 . Note that age and body mass index were analyzed as continuous variables rather than groups.
Calcification Versus Structural and Morphometric Characteristics
More severely calcified arteries were larger in diameter (r=0.36; P<0.01; Figure 4A ) and had thicker wall (r=0.10; P=0.03). After controlling for age, correlation with wall thickness lost statistical significance, whereas correlation with diameter weakened to r=0.17 but remained statistically significant (P<0.01). More severe calcification was associated with smaller circumferential opening angles (r=−0.17 Disease stages V and VI may include severe medial calcification, occlusive disease, or aneurysm.
13 C, Elastic fiber discontinuity scale developed using longitudinal sections of the FPAs and (D) association between elastic fiber discontinuity and calcification burden. Three samples in (C) are provided for each level of discontinuity to demonstrate variability. Longitudinal elastic fibers presented in these images are located in the external elastic lamina of the FPA. Brackets in (B) and (D) indicate statistically significant differences between groups obtained using post hoc ANOVA. Boxes in (B) and (D) bound 25th and 75th percentiles, whiskers extend to 5th and 95th percentiles, 99th percentile is marked with a cross (×), and maximum values are represented by a minus sign (−). Additionally, mean values are marked with a hollow square, and median is represented by a horizontal line within each box.
before controlling for age; Figure 4B , and r=−0.26 after; P<0.01) but larger longitudinal opening angles (ie, flatter axial strips; r=0.34; P<0.01 before controlling for age, no statistical significance after). More calcified arteries had less longitudinal prestretch when excised from the body (r=−0.33; P<0.01), but this effect was likely associated with aging because no correlation was observed after controlling for age. Calcified arteries were more diseased (r=0.74 before and r=0.68, P<0.01 after controlling for age), and FPA disease stage was assessed using a scale presented in Figure 5A and described in the study by Kamenskiy et al. 13 Briefly, stage I arteries had no intimal thickening, no lipid pools, and no calcification. Stage II FPAs had minor intimal thickening and some smooth muscle cell (SMC) proliferation but no protruding plaques. Stage III arteries had plaques with minor protrusion into the lumen and could have had small pools of extracellular lipid but no calcium. Stage IV arteries had minor-to-moderate calcification, protruding plaque with <30% stenosis, and moderate pools of extracellular lipid. Stage V arteries had severe medial calcification, a stenosis >75%, or external elastic lamina degradation and enlarged diameter consistent with early aneurysm formation. These arteries could also have large pools of extracellular lipid. Stage VI arteries had extremely calcified medial layers, total vessel occlusions, or fully developed aneurysms that represent the most severely damaged artery walls. Nonparametric Levene test demonstrated that variances between disease stage groups were different (P<0.01); therefore, GamesHowell post hoc test was performed to compare between groups, and statistically significant results are marked by brackets in Figure 5B .
Calcified arteries had thinner tunica media (r=−0.26; P<0.01), and this result was statistically significant after controlling for age (r=−0.34; P<0.01). Negative correlations with calcification burden were also observed for external elastic lamina thickness (r=−0.29; P<0.01) and elastic fiber density (r=−0.20; P<0.01), but only the former remained significant after controlling for age (r=−0.24; P<0.01). Calcified arteries had more discontinuous elastic fibers (r=0.44; P<0.01), and this result was not a consequence of aging (r=0.31; P<0.01 after controlling for age). Elastic fiber discontinuity scale is presented in Figure 5C , and associations between fiber discontinuity and calcification are plotted in Figure 5D . Note that elastic fiber discontinuity can only be quantified using longitudinal sections of the artery because elastic fibers in the FPA are oriented longitudinally. Nonparametric Levene test demonstrated equal variances between the groups (P=0.55), and Hochberg GT2 test was used to perform post hoc analysis with statistically significant results marked by brackets in Figure 5D .
Effects on Stiffness
Calcification was associated with high arterial stiffness in both longitudinal (r=−0.42; P<0.01) and circumferential (r=−0.44; P<0.01) directions as demonstrated by decrease in longitudinal and circumferential stretches ( Figure 6A and 6B, respectively). This effect was not a consequence of aging because results maintained their statistical significance after controlling for age (r=−0.20 and r=−0.32; P<0.01). Interestingly, although correlations for both directions were similar before controlling for age (r=−0.42 and r=−0.44), correlation in longitudinal direction became weaker (although still significant) after age was taken into account.
Discussion
Calcification of the FPA is a relatively common condition 13 that is known to increase the risk of reconstruction failure, amputation, and mortality in patients with peripheral arterial disease. 2 Although correlations between vascular calcification and age, chronic kidney disease, and type II DM were previously reported, [16] [17] [18] the underlying mechanisms and prevalence of FPA calcification in general population are Figure 6 . Associations between calcification burden and femoropopliteal artery stretches λ at 100 kPa Cauchy stress level describing longitudinal (A, λ z ) and circumferential (B, λ θ ) compliance of the artery. Note that more calcification is associated with less compliance (higher stiffness) in both longitudinal and circumferential directions. Note that stretches are continuous variables separated into groups for better visualization. Here boxes bound 25th and 75th percentiles, whiskers extend to 5th and 95th percentiles, 99th percentile is marked with a cross (×), and maximum values are represented by a minus sign (−). Additionally, mean values are marked with a hollow square, and median is represented by a horizontal line within each box.
not clear because of lack of data from younger and healthier arteries and inability to longitudinally study this process in humans. Lack of consensus on the definition of calcification and classification of its burden 11 further complicates research in this relatively unexplored area. At the same time, data from initial states of calcification can help better understand the cause and pathophysiology of calcification, help define the contributing risk factors, and point to potential mechanisms that may be involved in this process. The goal of this study was to understand prevalence of FPA calcification in a large sample of 431 human subjects aged 13 to 82 years, to determine contributions of risk factors to FPA calcification, and to study effects of calcification on arterial stiffness.
Our data demonstrate that almost half (46%) of the FPAs in our sample had identifiable medial calcification. Older arteries were more calcified, but small calcium deposits were observed in arteries as young as 18 years old with no signs of intimal disease. In general, FPA calcification increased from 10% to 15% in subjects <40 years, to almost 50% in 41-to 60-year-old subjects, and >60% in subjects >61 years. This percentage is significantly higher than the 25% overall prevalence found previously examining 143 femoral arteries from 14-to 59-year-old donors 11 (average age, 38±13 years), which may be attributed to both younger age and lower prevalence of risk factors in previously analyzed sample compared with current data (DM, 3% versus 25%; hypertension, 9% versus 51%; and dyslipidemia, 4% versus 29%). Our analysis also shows higher percentage of calcification than the 33% reported for subjects >45 years 19, 20 using computed tomography, but differences are likely because calcification that can be detected with computed tomography is already at a fairly advanced stage. Note also that previously proposed peripheral calcification scale that is based on fluoroscopic evaluation of calcification length 9 also primarily targets relatively advanced calcification burdens compared with histological assessments.
Positive correlations were observed between calcification, DM, dyslipidemia, and body mass index. Interestingly, tobacco use demonstrated negative correlation after controlling for age. Latter, in particular, requires additional investigation because it does not yet have a clear explanation. Currently, there is no consensus in the literature regarding association of arterial calcification and risk factors. Kröger et al 8 did not find correlations between arterial calcification and Framingham risk factors (age, DM, systolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, smoking, and renal function), but their subjects were 45 to 75 years old, and an ankle brachial index of 1.3 to 1.5 was used as a surrogate for calcification. 21 Because crude ankle brachial index assessment is only able to detect advanced-stage disease, these results are likely applicable to only a subset of subjects with severe calcification burden. In a different study, Vasuri et al 11 have used arterial histology and subjects from a wider range of ages. Although they also have not found correlations between calcification and any risk factors except hypertension, their sample size included only 36 arteries with histologically identified calcification. Similar to our results, other studies reported correlations between risk factors and calcification, particularly between DM and chronic kidney disease. [16] [17] [18] Although latter was not known for our study population, association between DM and calcification burden was strongest among all risk factors. Contribution of DM to arterial calcification has been demonstrated in both cell culture and animal models. In culture, high glucose was shown to increase the expression of osteogenic or chondrogenic markers, such as osteochondrogenic transcription factors Cbfa1 (core-binding factor alpha 1) and BMP-2 (bone morphogenic protein-2) by SMCs. [22] [23] [24] In mice, high glucose produced an inflammatory response associated with chronic metabolic, osmotic, and oxidative stresses. 25 These oxidative and hyperlipidemic signals were shown to induce the secretion of inflammatory mediators from macrophages 26, 27 and contribute to calcification. In terms of morphometry, calcified arteries in our study were larger in diameter but had smaller circumferential opening angles. Circumferential opening angle is an indicator of arterial remodeling. 28 Arteries adapt to the changing mechanical and biological conditions attempting to maintain homeostatic stress levels, which results in residual stresses that can be assessed by cutting the artery radially and measuring the resulting opening angle. 14, 29, 30 Altered ability of an artery to remodel in order to accommodate the change in loading conditions may stimulate attempts to strengthen (ie, stiffen) the arterial wall through changing its mechanical properties, perhaps by inducing calcification. Although this speculation requires further investigation, the effects of mechanical loading certainly have profound influence on arterial adaptation and may trigger a range of vascular pathologies, which may also include calcification. These results are in agreement with findings of Lanzer et al 3 who suggested that ring-like calcifications probably interfere with positive arterial remodeling. They also agree with our recent findings that diabetic arteries (which are usually more calcified) do not increase their circumferential opening angle with age as opposed to their age-matched controls. 31 Although it is difficult to reconcile detailed descriptions of molecular mechanisms with coarse-grained mechanical quantities like stress, strain, and stiffness, 32 these characteristics nonetheless are informative to understand the consequences of these molecular changes. Our experimental data demonstrate that calcification was associated with higher stiffness of the FPA tissue in both longitudinal and circumferential directions. In our previous study, we have demonstrated higher arterial stiffness in diabetic arteries, whereas present results show an association between DM and calcification. Elevated glucose levels play an important role in transforming SMCs into osteoblast-like cells. 33 Peripheral arterial disease patients with DM are significantly more likely to present with arterial calcification than peripheral arterial disease patients without DM. 34 Our recent study demonstrated significant circumferential stiffening of diabetic arteries compared with age-matched controls. 31 We speculated that because SMCs that transform into osteoblast-like cells are oriented primarily circumferentially in the FPA, 12 glucose-induced calcification was likely to affect the artery in the circumferential direction as well-both in terms of stiffness and in terms of remodeling ability, that is, the ability to change diameter and opening angle with age. Correlations between DM, calcification, and high circumferential stiffness have indeed been reported here. Interestingly, in our previous study, diabetic arteries had longitudinal stiffness of the age-matched controls, 31 suggesting that intramural elastin was affected to a lesser degree than circumferential SMCs. Our current results also demonstrate that although correlation between calcification burden and longitudinal stiffness remained statistically significant after controlling for age, correlation for the circumferential direction was significantly stronger.
Although the molecular cues underpinning the calcification process remain elusive, 3, 35 multiple stimulators and inhibitors emanating from cells in the arterial wall and in the surrounding tissues, as well as the effects of extracellular matrix, have been discovered that contribute to this process. 2 In the arterial wall, the SMC-rich media layer is thought to contain a subpopulation of SMCs that in the setting of diminished inhibitors or increased stimulators of calcification are capable of losing their ability to express SMC-specific markers and express more osteogenic or chondrogenic markers, such as the osteochondrogenic transcription factors Cbfa1, Msx2 (Msh homeobox 2), and Sox9 (SRY-box 9). 36, 37 Interestingly, our results demonstrate that calcified arteries had thinner tunica media, which can be a consequence of phenotypic switch, or apoptosis that was shown to occur next to areas of recent calcification. 38 In addition, this compaction of the medial layer suggests a possible increase in intramural stresses acting on the cells, which may trigger mechanobiological responses such as increased expression of osteoprotegerin, 39 a member of the tumor necrosis factor ligand and receptor-signaling family, which has been shown to be increased in patients with arterial calcification. 2 Further research is obviously needed to explore these important mechanisms.
In the adventitia, a subset of cells expressing a BMP-2-Msx2 signaling program can also influence the phenotype of medial cells and may be responsible for inducing calcification. 2 In addition, collateral vessels that originate from the adventitia may also allow the migration of multipotent adventitial myofibroblasts or pericytes than can differentiate into osteoblast-like cells through the effects of bone signaling proteins such as BMPs or osteoprotegerins. 2 The extracellular matrix proteins, particularly elastin precursors and elastin degradation products, are also thought to play a significant role in arterial calcification. 40, 41 Elastolytic MMPs (matrix metalloproteinases) are secreted by inflammatory cells in the media and adventitia, which leads to release of elastin degradation products that in turn act as chemokines to recruit other inflammatory cells that contribute to calcification. 42 In rats, administration of the antibiotic doxycycline, which inhibits MMP activity, was shown to reduce vitamin D-induced and calcium chloride-induced arterial calcification. 43, 44 Initiation and spread of calcification is, therefore, thought to occur along the elastic fibers, 45, 46 ultimately leading to destruction of these fibers and spreading to the surrounding medial SMCs. 42 These findings agree with our results demonstrating correlation between calcification burden and elastic fiber discontinuity and thickness of the external elastic lamina.
However, this mechanism also suggests that calcification should first occur at either internal or external elastic laminae yet this was not the case for a large number of younger FPAs that started developing calcification in the middle of tunica media, away from elastic fibers that appear intact and continuous. In addition, in a large number of samples, calcification observed in young arteries was not associated with any signs of intimal thickening, which suggests that calcification may not be related to advanced atherosclerosis as previously thought. 47 Like with any other study, results reported here should be independently validated and viewed in the context of study limitations. Risk factors we used were reported by the next of kin and, therefore, may not contain perfectly accurate information. In addition, many risk factors, like DM and hypertension, should be considered in terms of their duration, severity, and medication control rather than binary variables. Another limitation is related to the composition of our sample that primarily included white males. Although we have not observed sizable effects of sex on FPA calcification, many studies have demonstrated effects of estrogen 48 on SMC calcification, as well as ethnic differences in calcification presence and quantity, 20 which warrants further investigation. Use of histology, although significantly more precise for detecting early calcification than computerized tomography angiography or ankle brachial index, is limited to the choice of a particular arterial section. Use of multiple transverse and longitudinal sections for each subject reduced the chances of under-or overestimating the overall calcification burden for each artery, but this limitation must be taken into consideration when interpreting the results. In addition, use of Alizarin Red S stain as opposed to Verhoeff-Van Gieson may allow for detection of even more subtle calcifications on these histological sections, which may even further increase prevalence of FPA calcium in younger subjects. Finally, additional studies are required to determine the underlying pathophysiological pathways leading to formation and progression of FPA calcification. While these limitations are being addressed, present work provides a basic understanding of the incidence of arterial calcification in human FPAs in a wide range of ages, defines risk factors that contribute to higher calcification burden, and determines associations between arterial calcium and arterial stiffness. This information can help formulate further studies targeting the underlying pathophysiological mechanisms.
